The symmetry of capacitively coupled radio frequency (CCRF) discharges can be controlled electrically by applying a fundamental frequency and its second harmonic with fixed but adjustable phase shift θ between the driving voltages to one electrode. In such a discharge a variable dc self-bias η is generated as an almost linear function of θ for 0
Introduction
Capacitively coupled radio frequency (CCRF) discharges are frequently used for many applications such as etching and deposition processes used for semiconductor manufacturing [1, 2] . For these applications separate control of ion energy and flux at the electrodes is essential. This separate control cannot be realized in single frequency discharges. Therefore, usually dual frequency discharges operated at two substantially different frequencies, e.g. 2 and 27 MHz, are used [3] [4] [5] [6] [7] .
However, the coupling of both frequencies was found to limit the separate control of ion energy and flux in these discharges [8] [9] [10] [11] [12] [13] [14] [15] . The Electrical Asymmetry Effect (EAE) allows us to control the ion energy separately from the ion flux in an almost ideal way in dual frequency discharges operated at a fundamental frequency and its second harmonic with fixed but adjustable phase shift θ between the driving voltages [16] [17] [18] [19] [20] [21] [22] [23] . Therefore, the EAE might be used as an alternative approach to realize this separate control in industry. In such electrically asymmetric discharges a dc self-bias η is generated as an almost linear function of θ for 0
• θ 90
• even in geometrically symmetric discharges. By tuning θ the ion energy can be controlled by the variable dc self-bias without affecting the ion flux. Typically, the mean ion energy at the electrodes can be changed by a factor of about two by tuning θ from 0
• to 90
• , while the ion flux remains constant within ±10% [19, 20] .
Electron heating and in particular stochastic heating in CCRF discharges are not fully understood and are important current research topics even in the case of simple single frequency discharges [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Studies of the space and phase resolved electron impact excitation rate of highly energetic electrons (E e 10 eV) from the ground state into high energy rare gas levels provided valuable insights into the mechanisms of electron heating in single as well as in classical dual frequency discharges [8] [9] [10] 33] . Here the term 'classical CCRF discharges' means CCRF discharges in which either no dc self-bias is generated or where the dc self-bias is generated geometrically and not electrically via the EAE. Excitation dynamics in electrically asymmetric discharges has not yet been investigated.
Experimentally the electron impact excitation rate from the ground state into specifically chosen energy levels can be calculated from phase resolved measurements of the emission resulting from transitions of electrons into lower energy states [35] [36] [37] .
In this work excitation dynamics in electrically asymmetric geometrically symmetric dual frequency discharges operated in argon at 13.56 and 27.12 MHz is investigated for the first time experimentally by phase resolved optical emission spectroscopy (PROES), by a particle-in-cell (PIC) simulation and by an analytical model at different neutral gas pressures. High pressures of 60, 100 Pa and low pressures of about 3 Pa are chosen to investigate discharges with collisional (high pressure) and non-collisional sheaths (low pressure). It is found that depending on the pressure the excitation dynamics works differently in electrically asymmetric discharges compared with classical CCRF discharges. These differences are understood based on an analytical model, which in principle could be used to describe the excitation dynamics in other types of capacitive discharges as well.
The paper is structured in the following way: in the next section the experimental setup of the prototype of an electrically asymmetric geometrically symmetric discharge and the diagnostics used to investigate electron dynamics are described. In section 3 the basics of the PIC simulation used in this work are outlined. In section 4 the analytical model to describe and understand the excitation dynamics is introduced. Then the results are presented in section 5, which is divided into two parts: in the first part the excitation dynamics at high neutral gas pressures of 100 and 60 Pa (collisional sheaths) is analyzed and in the second part the excitation dynamics at low pressures of 2.66 Pa is investigated based on experimental, simulation and model results. Finally, conclusions are drawn in section 6.
Experimental setup
Here only a short outline of the experimental setup is given. A more detailed description can be found elsewhere [20] . Two synchronized function generators (Agilent 33250A) are used to generate the phase locked 13.56 and 27.12 MHz voltage waveforms. The phase angle between these harmonics is adjusted via the frequency generators. Each voltage waveform is then amplified individually by a broadband amplifier and matched individually. Behind each matchbox a filter blocks the other harmonic. Behind the filters the two voltage waveforms are added and a voltage waveformφ(t) of the following form is applied to the powered electrode:
Here f = 13.56 MHz, θ is the phase angle between the applied voltage harmonics andφ 0 is the amplitude of one voltage harmonic. In the experiment the amplitudes of the two voltage waveforms are chosen to be identical in order to use similar conditions as in [17] [18] [19] , although the EAE was demonstrated to be more effective at a particular choice of non-equal amplitudes [23] .
The voltage drop across the discharge is measured by a LeCroy high voltage probe. A Fourier analysis of the measured voltage waveforms shows no significant generation of higher harmonic. The RF period average of the measured voltage yields the dc self-bias.
The radius of both electrodes (powered and grounded) is 5 cm. The gap between the electrodes is d = 1 cm. Both electrodes are located in a GEC cell [38] . The plasma is shielded from the outer grounded chamber walls by a glass cylinder. Therefore, the discharge is geometrically symmetric and the surface areas of the powered and grounded electrodes (A p/g ) are identical. It is mainly operated in argon at low powers of a few watts. The presence of the glass cylinder causes an additional discharge asymmetry due to capacitive coupling between the cylinder and the outer grounded chamber wall. This capacitive coupling effectively enlarges the grounded surface area and causes an additional negative bias. As long as no discharge is ignited outside the cylinder this additional bias is less than 2% of the maximum bias generated electrically via the EAE and is, therefore, negligible. However, if a discharge is ignited between cylinder and outer chamber wall, which we avoided in the experiment, the additional bias will be stronger and no longer negligible. This restricts the set of discharge conditions, such as pressure and discharge gap, to a certain range, i.e. high neutral gas pressures cannot be used without decreasing the discharge gap. However, this would lead to an insufficient resolution of the optical measurements. The cylinder certainly also causes impurities in the plasma. However, these impurities are irrelevant for the qualitative investigations of excitation dynamics performed in this work.
In order to measure the emission from a specifically chosen neon state (Ne2p 1 ) space and phase resolved 10% neon is admixed to the discharge. Besides other attributes the short lifetime of the Ne2p 1 -state makes this state particularly useful for PROES [37] . The emission at 585.5 nm is measured by an Andor Istar ICCD camera synchronized with the low frequency (lf) voltage waveform in combination with an interference filter. The temporal resolution of these measurements is 5 ns. Images are taken at different phases within the lf period (step width of 5 ns). The resulting images are binned in horizontal direction and combined to an emission matrix providing onedimensional spatial resolution perpendicular to the electrodes of about 0.05 cm. From the emission the electron impact excitation rate from the ground state is calculated using a simple collisional-radiative model [35] [36] [37] . Measurements of the spatio-temporal excitation rate are performed at 60 Pa andφ 0 = 76 V. These conditions are similar, although not identical, to the high pressure conditions used in the simulation (100 Pa, 120 V). Higher pressures could not be realized experimentally due to the ignition of a discharge outside the glass cylinder at high pressures. To avoid damage of the frequency filters higher voltage amplitudes could not be used experimentally. Despite these differences between experiment and simulation the sheaths are collisional under both sets of conditions and the mean ion densities in the sheaths adjacent to the powered and grounded electrode are expected to be similar for all θ in experiment and simulation, respectively. Based on the analytical model introduced in section 4, this is the only requirement that must be fulfilled to allow a qualitative comparison of the excitation dynamics in experiment and simulation. Measurements under conditions similar to the low pressure conditions used in the simulation (2.66 Pa, 315 V) are not discussed, since the spatio-temporal excitation could not be resolved in the experiment due to the limited temporal resolution and the small discharge gap. The excitation patterns originating from the top and bottom sheaths overlapped in the experiment.
PIC simulation
The simulation used in this work is a one-dimensional (1d3v) bounded plasma PIC simulation complemented with a Monte Carlo treatment of collision processes (PIC/MCC). At the planar, parallel and infinite electrodes, electrons are reflected with a probability of 20% [39] and the secondary electron coefficient is γ = 0.1 [40] . The neutral gas temperature is taken to be T g = 350 K. The cross sections for electronneutral and ion-neutral collision processes are taken from [41] [42] [43] . The dc self-bias is determined in an iterative way by counting electrons and ions hitting each electrode within one lf period and adjusting the bias iteratively to ensure that the charged particle fluxes to the two electrodes, averaged over one lf period, balance. Details of the PIC simulation can be found elsewhere [14, 19, 44, 45] .
The simulations are performed for two different neutral gas pressures of 100 Pa (collisional sheaths) and 2.66 Pa (noncollisional sheaths). In case of 100 Pa the electrode gap is 2 cm and in the case of 2.66 Pa it is 6.7 cm. The low pressure scenario, therefore, corresponds to conditions similar to the ones investigated experimentally by Godyak et al [46] . A voltage waveform given by equation (1) is applied to one electrode, while the other electrode is grounded. At 100 Pã φ 0 = 120 V and at 2.66 Paφ 0 = 315 V is used. The excitation rate into a notionally lumped argon state is determined by counting individual excitation events. The cross section for excitation into this notionally lumped state is obtained by summing the cross sections for excitation into several argon levels [41] . In the following this excitation rate is called 'total excitation rate.'
Analytical model
The following analytical model is used to describe the dynamics of the time modulated fraction E i,z (t) of the total electron impact excitation rate from the ground state into a level i at a given position z close to the powered electrode (z = p) and close to the grounded electrode (z = g) at a time t within one lf period. The ratio of E i,p (t p )/ E i,g (t g ) at two different times t p , t g will be calculated from the applied RF voltage waveform and the symmetry parameter ε [17] for a geometrically symmetric discharge (A p = A g ).
Here |φ s,p |, |φ s,g | are the maximum sheath voltages andn s,p , n s,g are the spatially averaged ion density in the sheath adjacent to the powered and grounded electrode, respectively. The electron impact excitation rate from the ground state into an excited level i at a position z and time t is generally given by
Here v is the electron velocity, v ex is the electron velocity corresponding to the threshold for excitation into the observed level i, σ is the corresponding electron impact excitation cross section, f z (v, t) is the electron velocity distribution function (EVDF) at the position z and time t and f z (v, t) = f z (v, t) d is the integral of the distribution function over the full solid angle .
Generally, the total excitation can be split into a time independent part E i,z and a time dependent part E i,z (t):
(4) Figure 1 shows how the temporally constant and time modulated fractions of the total excitation rate at a given position z and time t are determined practically. In this work only the maxima of the excitation adjacent to each electrode will be analyzed. First (as shown in figure 2 for θ = 30
• as an example), the spatial position z of a maximum of the total excitation rate close to one electrode is determined. A maximum close to the bottom electrode is chosen as an example. The spatial position z of this maximum is indicated by the horizontal line in figure 2 (θ = 30
• ). Second (as shown in figure 1), the total excitation E i,z (t) at this position z is plotted as a function of time. Third, the minimum excitation at this position z is identified with the temporally constant fraction of the total excitation at this position (E i,z ). Finally, E i,z (t) is calculated from the difference between E i,z (t) and E i,z at each time.
In a CCRF discharge operated at low neutral gas pressure the excitation is usually dominated by highly energetic electron beams generated by the expanding sheaths at both electrodes [16, 33, [47] [48] [49] [50] . Therefore, the EVDF at a position z in the plasma bulk is non-local and assumed to be a superposition of an isotropic EVDF f 0 b,z ( v) and the EVDF of the beam electrons:
By an analytical model such an assumption for the shape of the beam part of the distribution function has been demonstrated to reproduce time averaged Langmuir probe measurements in the plasma bulk (bi-Maxwellian distribution functions, [47] ). Here α z =n s,z /n b,z is the ratio of the mean ion densities in the respective sheath (n s,z ) and in the bulk (n b,z ). Typically α z ≈ 0.1, i.e. the ion density in the sheath is one order of magnitude lower than in the plasma bulk. Consequently, the fraction of electrons, that are accelerated by the expanding sheath and form the beam, corresponds to 10% of the bulk density. Experimentally this value has been demonstrated to be realistic before [33] . u z (t) is the drift velocity of the beam electrons. The beam EVDF is assumed to be f 0 b,z shifted by the drift velocity u z (t). In order to avoid space charges the number of beam electrons that enter the bulk must equal the number of electrons that are removed from the isotropic part of the bulk EVDF. Thus, the EVDF in the plasma bulk
The flux density in the sheath isn s,z u z . With the above velocity distribution the bulk flux density is conserved, i.e.
Equation (6) can be expanded with respect to u z (t) around u z (t) = 0 up to the second order to obtain [51] 
The dimensionless smallness parameter by which successive orders scale is u z /v th with v th = √ 2k B T e /m e being the thermal electron velocity or an equivalent velocity for non-Maxwellian distributions. Expansion up to second order conserves the first three moments of the Boltzmann equation, i.e. density, velocity and energy.
Substitution of equation (7) into equation (3) yields the total excitation rate. Due to the averaging over the full solid angle all odd order terms in u z vanish:
According to equation (4) the temporally constant and temporally modulated fractions of the total excitation are
Here
The ratio of the time modulated fraction of the excitation rate at a position z = p close to the powered electrode at time t p , E i,p (t p ), and at a position z = g close to the grounded electrode at time t g , E i,g (t g ), is then
Here t p is the time within one lf period, when maximum excitation at the powered electrode is observed. t g is the time within one lf period, when maximum excitation at the grounded electrode is observed. The electron conduction current density at times t p/g is
Under the assumption that the displacement current in the plasma bulk is negligible, the conduction current densities are the same everywhere in the bulk and, thus, do not depend on z.
Substitution of equation (13) into equation (12) yields
In a symmetric discharge n b,g /n b,p is unity. Generally, in an asymmetric discharge this factor can depend on ε (equation (2)). If n b,g /n b,p ≈n s,g /n s,p and d g ≈ d p is assumed another factor 1/ε results
The later approximation is based on the assumption that the unperturbed EVDF f 0 b,z is the same on both sides of the discharge and, therefore,
exist. An expansion of this factor with respect to ε should have a leading power k. Considering only this leading power, i.e. (14) has the form
Here k is a positive constant, that can depend on pressure and gas composition. In the case of ε ≈ 1 the total factor 1/ε 1+k is close to unity, rather independent of k. Its value will be discussed in connection with the simulation results presented in the following section.
The ratio j (t p )/j (t g ) is calculated from a global model of a CCRF discharge based on the voltage balance [52] :
Similar to [17] equation (17) is normalized to 2φ 0 . η is the normalized dc self-bias, q is the normalized charge in the sheath adjacent to the powered electrode and q t is the normalized total net charge in the discharge [17] . The charge-voltage relation of the sheath is assumed to be quadratic such as demonstrated experimentally and by a PIC simulation before [33, 53] . The voltage drop across the plasma bulk is neglected, which has been proven earlier by PIC simulations for the neutral gas pressures investigated here [19] . ε = ε A p A g is the symmetry parameter in its general form. ε can be different from unity due to different mean ion densities in both sheaths, i.e. ε = 1, or due to different electrode surface areas or the combination of both. However, ε can only be different from unity due to different sheath densities. In the case of a geometrically symmetric discharge, such as discussed in this work, i.e. A p = A g , ε = ε.
Solving equation (17) for q yields
Here q t is assumed to be temporally constant [17, 53] . Differentiation of q yields the conduction current density j (t) = Q 0q (t). Q 0 is the normalization constant of q and q t [17] :
Under the assumption of q t = 1 [17] substitution of equation (19) into equation (16) yields
To a good approximation the last fraction on the RHS of equation (20) is unity, even if ε is small. For ε = 1 it is exactly unity:
Under the assumption of n b,g /n b,p ≈n s,g /n s,p and d p ≈ d g the ratio of the time modulated fraction of the total excitation rate is determined only by the symmetry parameter ε and the temporal derivative of the applied voltage waveform. Under these assumptions equation (21) is simply
Amongst others this model yields the result that the time modulated part of the total excitation rate is proportional to u 2 z (see equation (10)). This result agrees with the argument of Gans et al made for atmospheric pressure conditions, that the time modulated part of the excitation should depend on the dissipated power density per electron, i.e. E i,z (t) ∝ (1/n) dP / dV [54] . Here P is the power dissipated to electrons and V is the volume. With dP /dV = jE and under the assumption that the electron current is determined by the local electric field, i.e. j = −enu z = σ E (high pressure), where E is the electric field and σ is the plasma conductivity:
Therefore, this model supports the hypothesis that the time modulated part of the excitation is proportional to the power density dissipated to electrons per electron. However, it must be pointed out that the above argument [54] is only valid at high pressure (strict locality), whereas the discharge conditions investigated in this work are clearly non-local (low pressure).
Results

Excitation dynamics at high neutral gas pressure (100 Pa/60 Pa)
First, excitations dynamics in a geometrically symmetric electrically asymmetric discharge operated at high neutral gas pressures of 100 Pa (PIC simulation) and 60 Pa (experiment) will be analyzed. Under these conditions the sheaths are collisional and the mean ion densities in both sheaths are identical to a good approximation at all phase angles θ (ε ≈ 1). Figure 2 shows spatio-temporal plots of the total excitation rate, E i,z (t), of argon atoms at 100 Pa,φ 0 = 120 V and d = 2 cm at different phase angles θ (0 • , 30
• , 60
• and 90 • ) resulting from the PIC simulation.
The dc self-bias normalized by the amplitude of the applied voltage waveform,η, and the symmetry parameter, ε, as a function of θ are shown in figure 3 for the same discharge conditions. Due to the EAE the dc self-bias changes from about −20% to about +20% of the total amplitude of the applied voltage in an almost linear way as a function of θ for 0
Analogical results are found experimentally [17] [18] [19] [20] .
Similar excitation dynamics is observed experimentally at a relatively high pressure of 60 Pa. resolution of these measurements is about 5 ns (camera gate width). Small differences to the simulation results shown in figure 2 might be explained by the lower pressure. In particular ε is not exactly unity for all θ at 60 Pa. The effect of the symmetry parameter on the excitation dynamics will be discussed later.
Under these high pressure conditions the excitation dynamics exhibits unique attributes, which have not been observed in CCRF discharges before and which are in a sense oppositional to the excitation dynamics in classical CCRF discharges.
The excitation maxima observed in figures 2 and 4 are located at the edges of the sheaths adjacent to the powered and grounded electrode and are caused by the expansion of the respective sheath [33, 35, 36, 55] . Due to the change in the applied voltage waveform with θ (see figure 5 ) the sheath dynamics and, consequently, also the excitation dynamics change as a function of θ. At θ = 0
• and θ = 90
• the excitation maxima at the bottom and top electrodes are similarly strong, whereas at θ = 30
• and θ = 60
• the excitation maximum at the bottom electrode is significantly stronger than the maximum at the top electrode. In this sense the excitation is symmetric at 0
• and 90
• and asymmetric at 30
• and 60
• . Asymmetric excitation dynamics in geometrically symmetric, but electrically asymmetric has been predicted theoretically before [16, 17] . Here the spatio-temporal excitation profiles are only shown from 0
• -90
• in 30
• -steps. The strongest asymmetry of the excitation maxima at the top and bottom electrodes is found at 45
• ( figure 6 ). In the range 90
• -180
• a similar change in the excitation dynamics as a function of θ is observed, with the difference that the excitation maximum at the top electrode is stronger than the maximum at the bottom electrode.
At high pressures the strongest asymmetry of the excitation maxima is found around θ = 45
• , i.e. at a phase angle of vanishing dc self-bias (see figure 3) . The strongest bias is generated around θ = 0
• , 90
• . However, at these phase angles the excitation maxima at the top and bottom electrodes are similarly strong. This is substantially different to classical CCRF discharges operated at high pressures, in which the dc self-bias is generated by a geometric asymmetry (no EAE). In these discharges the asymmetry of the spatiotemporal excitation will be strongest, if the strongest dc selfbias is generated, which causes the maximum sheath voltages at both sides to become different. As a consequence of this, the sheath expansion velocity at one side will be decreased, while the expansion velocity on the other side will be increased. Here this is not the case: at high pressures the maximum sheath voltages are the same on both sides for all phase angles θ (ε = 1), although the mean sheath voltages on both sides are different. Under these conditions the ion density profiles at both electrodes are the same and the sheath expansion velocities are determined only by the temporal change in the applied voltage waveform, which changes as a function of θ (see figure 5) .
This anomalous excitation dynamics is understood in the frame of the analytical model introduced in the previous section:
First, the time modulated fractions of the maxima of the total excitation rate at the powered and grounded electrode ( E i,p (t p ), E i,g (t g )) at times t p , t g are determined following Figure 6 . Ratio of the time modulated fraction of the excitation maxima close to the powered and grounded electrode resulting from the PIC simulation (figure 2, blue triangles and line) at 100 Pa, from the experiment (figure 4, red circles) at 60 Pa and from the analytical model (equation (24), black squares and line) assuming ε = 1 as a function of θ . the procedure described in section 4 (figure 1). In this way the ratio E(t p ) i,p / E(t g ) i,g of the time modulated fractions of the excitation maxima is obtained from the PIC simulation (figure 2) and from the experiment (figure 4) at different phase shifts θ . Then this ratio is calculated by the analytical model using equation (22) . At 100 Pa ε ≈ 1 and only the temporal derivative of the applied voltage waveform is required as input parameter:
(24) Figure 6 shows the ratio of the time modulated part of the maxima of the total excitation rate, E i,p (t p )/ E i,g (t g ), resulting from the PIC simulation (blue triangles and line, 100 Pa), the experiment (red circles, 60 Pa) and the analytical model (black squares and line, ε = 1). The excellent agreement between all three approaches demonstrates that the anomalous excitation dynamics under these high pressure conditions is caused by the mechanisms discussed above.
In addition to the correct prediction of the ratio of the time modulated fraction of the maxima of the total excitation rate at both electrodes, the phases within one lf period, when the excitation maxima occur at each electrode can also be calculated by this model.
Using ϕ(t) = 2πf t,˙φ(ϕ(t)) is the first temporal derivative of the voltage waveform applied to the bottom electrode (equation (1)
The extrema of equation (25) are found at
with n ≈ cos n π 2 Figure 7 . Times within one lf period, when extrema of the first derivative of the applied voltage waveform occur (equation (28)) as a function of θ.
Here n is a positive integer. Within one lf period local extrema of the first derivative of the applied voltage waveform are found at the following four different phases ϕ n : Figure 7 shows the times within one lf period, when extrema of the first derivative of the applied voltage waveform occur (equation (28)), as a function of θ. According to equation (24) the maxima of the time modulated excitation are observed at these times. According to equation (28) the time when an individual extremum is found essentially does not change as a function of θ . These times of maximum time modulated excitation predicted by the model (10, 29, 45 and 64 ns) agree well with the times of maximum excitation observed in the spatio-temporal excitation profiles resulting from the PIC simulation (11, 30, 47 and 66 ns, see figure 4 ) and the experiment (10, 31, 45 and 65 ns, see figure 6 ). In contrast to the phase, when an individual local extremum is found, the extremum itself and the time when the global extremum occurs do change. Figure 8 shows the extrema of the first derivative of the applied voltage waveform as a function of θ . Positive values, i.e.˙φ(ϕ 1 ) and˙φ(ϕ 3 ), correspond to an expanding sheath at the grounded electrode, whereas negative values, i.e.˙φ(ϕ 0 ) and˙φ(ϕ 2 ), correspond to an expanding sheath at the powered electrode [17] . Similar to the results of the simulation and the experiment the global minimum is˙φ(ϕ 0 ) for all θ , i.e. strongest excitation at the powered electrode always happens at the same time t p ≈ 10 ns within one lf period for 0
• . Furthermore, the absolute value of this global minimum and, . Maximum of the time modulated fraction of the total excitation rate at the bottom powered and top grounded electrodes as a function of θ at 100 Pa resulting from the PIC simulation and the analytical model (PIC simulation data taken from figure 2, model data taken from figure 8 using equation (22)).
therefore, also the maximum excitation at the bottom electrode essentially do not change as a function of θ. However, the global maximum ofφ(t) is found at different times within one lf period depending on θ and its absolute value does change as a function of θ . At θ = 0
• and θ = 30
•φ (ϕ 3 ) corresponds to the global maximum and strongest excitation at the grounded electrode is observed at t g ≈ 65 ns. At θ = 60
•φ (ϕ 1 ) corresponds to the global maximum and strongest excitation at the grounded electrode is observed at t g ≈ 29 ns. Figure 9 shows the maximum of the time modulated excitation at the bottom and top electrodes resulting from the PIC simulation and the analytical model at 100 Pa for 0
• . As predicted by the model, the maximum of the excitation at the bottom powered electrode is almost independent of θ , whereas the maximum excitation at the top grounded electrode changes as a function of θ with a minimum at θ = 45
• and maxima at θ = 0 • , 90
• . Similar results are found experimentally (see figure 10) . Slight deviations between simulation/model data and the experimental results might again be explained by the lower pressure in the experiment. The analytical model reveals the physical reason for the observed change in the excitation maxima at the top and bottom electrodes as a function of θ : based on equation (22) (ε = 1 at 100 Pa), the change in the temporal derivative of the applied voltage waveform as a function of θ causes this characteristic. The temporal derivative of the applied voltage affects the sheath expansion velocity and, consequently, the drift velocity of the electron beams generated by the expanding sheath. Finally, this affects the excitation caused by the electron beams.
Excitation dynamics at low neutral gas pressure (2.66 Pa)
In this section excitations dynamics at low neutral gas pressure of 2.66 Pa will be analyzed, for which the sheaths are collisionless and the mean ion densities in both sheaths can be significantly different depending on the phase angle θ (ε = 1).
At these low pressures the excitation dynamics works substantially different compared with the high pressure scenario and similar to classical CCRF discharges. Figure 11 shows spatio-temporal plots of the total excitation rate of argon atoms at 2.66 Pa,φ 0 = 315 V and d = 6.7 cm at different phase angles θ (0 • , 30
• and 90 • ) resulting from the PIC simulation. The normalized dc self-biasη and the symmetry parameter ε as a function of θ are shown in figure 12 .
Again the excitation dynamics is dominated by sheath expansion heating. Due to the lower pressure and longer electron mean free path, the electron beams generated by the expanding sheaths propagate further into the plasma bulk. However, in contrast to high pressures the spatio-temporal excitation profiles are now asymmetric at θ = 0
• (symmetric excitation at high pressures) and almost symmetric at θ = 60 • (asymmetric excitation at high pressures). At low pressures the ratio of the time modulated fractions of the maxima of the total excitation rates at both sides of the discharge, E(t p ) i,p / E(t g ) i,g , is no longer purely determined by the temporal derivative of the applied voltage waveform, since the ion density profiles in the sheaths at both electrodes are no longer identical (ε = 1, figure 12, equation (22)). This is caused by the self-amplification of the EAE at low pressures [17] [18] [19] [20] . A dc self-bias leads to different mean sheath voltages. Due to flux conservation at low pressures (collisionless sheath) a finite bias will lead to different mean ion densities in both Figure 13 . Ratio of the time modulated fraction of the total excitation maxima close to the powered and grounded electrode resulting from the PIC simulation (figure 11, blue triangles and line) and from the analytical model using equation (22) sheaths. This causes the symmetry parameter to deviate from unity. Similar to the nature of the frequency coupling in dual frequency discharges operated at substantially different frequencies the sheath will expand faster, if the ion density at the position of the instantaneous sheath edge is lower [8] [9] [10] . For this reason, stronger excitation is observed adjacent to the sheath with the lower mean ion density. Furthermore, at low pressures the generation of a dc self-bias causes the maximum sheath voltages to be different. These mechanisms shift the phase angle θ of strongest asymmetry of the spatio-temporal excitation profiles to phases of stronger dc self-bias, i.e. lower θ, compared with the high pressure case.
This effect is reproduced by the analytical model using equation (22) with ε taken from the PIC simulation ( figure 13) . Due to the effect of the dc self-bias on the ion density profiles in both sheaths maximum asymmetry of the spatio-temporal excitation profiles is observed at lower θ compared with the high pressure case. The good agreement between PIC and model results in figure 13 justifies the assumption made in the frame of the derivation of equation (22) in retrospect.
Conclusions
Spatio-temporal excitation dynamics in electrically asymmetric geometrically symmetric CCRF discharges driven at 13.56 and 27.12 MHz with fixed, but adjustable phase shift between the driving voltages has been investigated by a PIC simulation, an analytical model as well as experimentally at high (collisional sheaths) and low (collisionless sheaths) pressures. The excitation dynamics is found to be dominated by sheath expansion heating and to work substantially differently compared with classical CCRF discharges. Due to the collisionality of the sheaths at high pressures of 100 Pa the mean ion densities in both sheaths are identical (ε = 1). Therefore, the symmetry of the spatio-temporal excitation is determined purely by the first derivative of the applied voltage waveforms at the times, when the excitation maxima at both electrodes are observed. Thus, unlike in classical CCRF discharges at high neutral gas pressures in a geometrically symmetric discharge driven at 13.56 and 27.12 MHz the spatio-temporal excitation is asymmetric at phase angles θ of vanishing dc self-bias and symmetric at phase angles of strongest bias.
At low pressures (collisionless sheaths) the selfamplification of the EAE causes the mean ion densities in both sheaths and the maximum sheath voltages to be different at phase angles θ of strong dc self-bias. This causes the sheaths of lower mean ion density to expand faster and, therefore, the spatio-temporal excitation to be asymmetric at phase angles of strong dc self-bias and symmetric at phase angles of vanishing bias. This excitation dynamics at low pressures in electrically asymmetric discharges is similar to the dynamics in classical CCRF discharges.
The analytical model introduced in this work describes the excitation dynamics in this particular type of electrically asymmetric CCRF discharge accurately and finally leads to an understanding of the electron dynamics. In principle this model should be applicable to describe electron dynamics in any kind of CCRF discharge and could, therefore, yield a more sophisticated understanding of excitation/ionization dynamics in other discharges as well.
